The aim of this study was to identify the prevalence of proximal junctional kyphosis (PJK) in degenerative lumbar scoliosis (DLS) following long instrumented posterior spinal fusion, and to search for predictable risk factors for the progression of junctional kyphosis.
Introduction
Proximal junctional kyphosis (PJK) is a common complication following long instrumented spinal fusion surgery. [1] [2] [3] The incidence of PJK ranged from 17% to 39% in adult scoliosis patients, 27% in adolescent scoliosis patients, and 30% in Scheuermann's kyphosis patients, which depends on the study population and the duration of follow-up. [4] [5] [6] Varied pathogenic mechanisms may influence the development and progression of PJK; the major risk factors include older age, large preoperative sagittal parameters, use of pedicle screws, thoracoplasty procedure, greater curvature correction, posterior and anterior-posterior spinal fusion, fusion to the sacrum, low bone mineral density, and high body mass index. [7] [8] [9] [10] [11] The spectrum of PJK varied widely in adults from radiographic kyphosis in asymptomatic patient to spondyloptosis as a result of trauma or implant failure resulting in severe neurological deficit and back pain. [12] Kim et al [13] reported that pain was more prevalent in PJK patients with a lower improvement in the SRS pain subscore. Complete understanding of the risk factors is of great importance in minimizing the occurrence of PJK and allows surgeons to take measures for its prevention when possible.
Degenerative lumbar scoliosis (DLS) is characterized as 3-dimensional deformity, including axial rotation, coronal and sagittal vertebral tilting, and presents not only the scoliotic deformity in coronal plane, but also the lumbar hypo-lordosis in sagittal plane. DLS usually differs from other spinal scoliotic or kyphotic deformities in patient distributions and disease mechanisms, and is much more complex than general degenerative lumbar disease. Most of the patients are female, present with osteoporosis, and sometimes the long fusion level is required for scoliosis correction. Previous literature have addressed the long-term follow-up proximal junctional changes following posterior spinal instrumentation for adolescent idiopathic scoliosis (AIS), lumbar degenerative kyphosis (LDK), adult spinal deformity, and the risk factors for PJK have been determined in the respective study. [1, 12, 14] To the best of our knowledge, no studies have demonstrated long-term follow-up results of PJK following instrumented posterior spinal fusion for DLS patients. The purpose of this study is therefore to identify the prevalence of PJK after the surgical treatment of DLS, and to search for predictable risk factors for the progression of junctional kyphosis.
Materials and methods

Subjects
The study was approved by the Institutional Review Board of the Third Hospital of HeBei Medical University before data collection and analysis. Inclusion criteria consisted of age > 50 years at the time of surgery, degenerative scoliosis treated with instrumented segmental posterior spinal fusion at a minimum 4 motion segments, no revision operations changing level of the upper instrumentation vertebrae (UIV) and complete radiographic data. Exclusion criteria consisted of patients with spinal deformities derived from idiopathic scoliosis, ankylosing spondylitis, neuromuscular diseases, fracture, infections, or Scheuermann kyphosis. A total of 98 DLS patients with a minimum 2-year follow-up (mean 2.8 years, range 2-6) were reviewed prospectively. All operations were performed at a single institution by the senior author between September 2008 and May 2013.
Imaging and clinical evaluation
The complete radiographic data include preoperation, early postoperation, 2 years postoperation, and final follow-up antero-posterior (A/P) and lateral standing 36-inch long cassette radiographs of the whole spine. Patients were asked to stand naturally with the shoulders flexed forward approximately at 60°s o that their upper thoracic vertebrae could be visualized on the lateral radiograph. The proximal junctional (PJ) angle was determined as the Cobb angle between the 2 level cephalad endplates to the UIV and the caudal endplate of the UIV (Fig. 1) . PJK was defined by 2 criteria: (1) the proximal junction sagittal Cobb angle >10°and (2) the proximal junction sagittal Cobb angle at least 10°greater than the preoperative measurement, the Medicine presence of both criteria was necessary to be considered abnormal. Occurrence of a spontaneous vertebral compression fracture on the proximal junctional level during the follow-up period was also regarded as PJK. According to the occurrence of PJK at the last follow-up, patients were divided into 2 groups: PJK group (Fig. 2 ) and non-PJK group (Fig. 3) . To investigate risk values for the progression of PJK, 3 categorized factors were analyzed statistically: (1) patient characteristics-preoperative data of age, sex, body mass index (BMI), and bone mineral density (BMD). (2) Surgical variables-the most proximal and distal levels of the instrumentation, the number of instrumented levels. (3) Radiographic parameters-pre-and postoperative radiographic parameters include the scoliotic angle (SA), sagittal vertical axis (SVA), thoracic kyphosis (TK), thoracolumbar junctional (TLJ) angle, lumbar lordosis (LL), pelvic incidence (PI), pelvic tilt (PT), and sacral slope (SS) ( Table 1 and Fig. 4 ).
Statistical analysis
Data were analyzed using the Statistical Product and Service Solutions software (version 13; SPSS, Chicago, IL). Continuous variables were measured as mean ± standard deviation, and categorical variables were expressed as frequency or percentages. An independent t test was used to analyze the difference of continuous variables between 2 groups. An x 2 analysis and Fisher's exact test were used to examine the differences among categorical variables. Variables with P values < 0.05 in the univariate analyses, as well as a number of variables selected by experts, were entered into a multivariate logistic regression model. For each variable, we computed the odds ratio (OR) with its 95% CI.
Results
PJK was developed in 17 of 98 patients (17.3%) until to the final follow-up. Eight patients experienced 10°to 14°PJ angle increase, 6 patients experienced 15°to 19°PJ angle increase, and 3 patients experienced 20°to 30°PJ angle increase. The average PJ angle increased from 3.1°preoperative to 6.8°in immediate postoperation, to 11.5°in 2 years follow-up, and to 16.2°at final follow-up in the PJK group.
There was no statistically significant difference between the 2 groups in age at operation (P = 0.729). The patient's sex was excluded in statistical analysis because of the predominance of female patients. The mean BMI of the PJK group was (25.5 ± 2.7) kg/m 2 , and the non-PJK group's was (23.6 ± 1.9) kg/m 2 ; there was statistically significant difference between the 2 groups (P < 0.001). The mean BMD of the PJK group was (À1.4 ± 0.8) g/cm 2 , and the non-PJK group's was (À0.7 ± 0.3) g/cm 2 ; there was also statistically significant difference between the 2 groups (P < 0.001). No significant differences were detected in preoperative coronal and sagittal spino-pelvic parameters between the 2 groups ( Table 2) .
The cranial instrumented level varied from T9 to L3, and the distal level of the instrumentation was distributed from L4 to the Sacrum. Numbers of fused segments varies from 4 segments (from L1 to L5) to 9 segments (from T10 to Sacrum). No specific surgeryrelated variables were found to be associated with an increased risk of developing PJK, except when the most proximal instrumented vertebrae stopped at thoracolumbar junction (T11-L1). The UIV at thoracolumbar junction was more common in the PJK group than that in the non-PJK group (P = 0.007) ( Table 3 ).
The measured preoperative and early postoperative radiographic parameters related to the occurrence of PJK are summarized in Table 4 . Postoperatively, both of the 2 groups got obvious SA correction and SVA reduction, with increase of TK, LL, SS, and decrease of TLJ, PT, and without change of PI. No preoperative and early postoperative variable did reveal a statistically significant difference between the 2 groups.
The following variables were entered into the multivariate model: age, BMI, BMD, UIV at thoracolumbar junction, lower instrumented vertebra at sacrum, the number of instrumented levels, preoperative SA, PI, LL, and TLJ. When included in a multivariate logistic regression model, obesity, osteoporosis, and UIV at thoracolumbar junction were independently associated with PJK (Table 5 ).
Discussion
Whether PJK is derived from the iatrogenic effect of the fusion or is a consequence of natural age-related degeneration is still difficult to state now. However, it is widely accepted that PJK is not only attributable to the passing of time and is likely multifactorial in nature, an increased understanding of the risks of PJK is pivotal to improve therapeutic outcomes. [15] [16] [17] [18] In this study, we did find that those with osteoporosis, UIV at thoracolumbar junction, BMI>25 kg/m 2 should be monitored Table 1 Preoperation and postoperation radiographic measurements.
Parameter Radiographic measurements
SA
The angle between the most tilted vertebrae in PA x-ray TK The angle between T5 upper endplate and T12 inferior endplate TLJ
The angle between theT10 superior endplate and L2 inferior endplate LL
The angle between the L1 superior endplate and the S1 superior endplate SVA
The distances from the C7 plumb to the postero-superior endplate of S1 PI
The angle between the line perpendicular to the S1 upper endplate at its midpoint and the line connecting this point to the bicoxo-femoral axis SS
The angle between the horizontal line and the S1 upper endplate PT
The angle between the vertical and the line through the midpoint of the sacral plate to the femoral heads axis LL = lumbar lordosis, PI = pelvic incidence, PT = pelvic tilt, SA = scoliotic angle, SS = sacral slope, SVA = sagittal vertical axis, TK = thoracic kyphosis, TLJ = thoracolumbar junction.
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closely for the development and progression of PJK in DLS patients.
Osteoporosis is a chronic disease generally associated with aging and affects a large amount of persons, especially the elders. It is characterized by the reduction of the bone mass and the modification of the bone architecture, and increases the risk of vertebral fracture. In this study, we find the BMD was lower in the PJK group than that in the non-PJK group and the UIV+1 vertebral fracture was common in PJK patients. Although PJK occurs in both the adult and pediatric patients, it represents a distinct phenomenon in the 2 populations. In children with adolescent idiopathic scoliosis undergoing spinal fusion surgery, PJK often manifests itself as a kyphotic change in the disc space above the fusion. In addition to the disc change, PJK in adults also presents fractures and subluxations above the fusion, and this can lead to proximal junction kyphosis or failure causing pain, deformity, and instability. [19] [20] [21] [22] It is still a controversial whether vertebral cement augmentation is an effective method to prevent PJK following long segment spinal fusion. Hart et al found that 15.3% of the nonaugmented patients demonstrated PJK secondary to vertebrae collapse, whereas cement augmented patients did not present PJK, suggesting that cement augmentation was helpful in preventing or reducing the risk of PJK. [23] However, there are 2 drawbacks to cement augmentation. First, it reduces nutrient supply to intervertebral disc and accelerates degenerative disc disease. Second, cement can alter load transfer, provoke fractures in adjacent vertebrae, and facilitate collapse of adjacent vertebrae. Kayanja et al [24] compared the biomechanics of augmenting different numbers of vertebral levels and found that stiffness and strength of the construct were dependent mainly on bone mineral density instead of the number of vertebral levels augmented. Therefore, we believe that the valuable method for preventing PJK in DLS patients is antiosteoporosis treatment, instead of the cement augmentation. The methods for increasing bone density includes calcium/vitamin D supplementation, drugs of the bisphosphonate family that prevent bone resorption, all the methods need to be implemented both in preoperative and postoperative periods. Preoperative goal is to increase the bone density as much as possible, severe osteoporosis patients should not be excluded from the benefit of surgery, less invasive procedure (discectomy or laminectomy) instead of long instrumented posterior spinal fusion should be considered. In our study, all patients are instrumented posteriorly, and we find that improper selection of the UIV is closely related to the occurrence of PJK. Decision making on the proximal fusion level was based in part on the status of the vertebra, the magnitude of the coronal curve, suprajacent disc space, shoulder balance, and apical deviation of the curve with coronal imbalance and regional sagittal condition. Choosing the neutral and stable vertebra as the UIV can reduce revision prevalence in adult deformity patients. [19] We preferred to stop at the stable, neutral, horizontal vertebra with a stable suprajacent disc in the coronal plane and to avoid any vertebra with compression fracture, or angular suprajacent disc in the sagittal plane. However, when stopping instrumentation around thoracolumbar junction, we find the incidence of PJK is quite high, and it can be explained by 2 possible reasons. On the one hand, the potential hazard of the concentration stress due to anatomical characteristics. Thoracolumbar junction is a transitional area from kyphosis to lordosis, which has a vulnerability from transitional force. Facet joints of thoracic spine are more coronally oriented than lumbar spine, and the rib cage can restrict spinal motion end at thoracolumbar junction. The complex biomechanics at the thoracolumbar junction with the transition from immobile to mobile motion segments certainly may play a role in degeneration of the proximal junction. On the other hand, the concentration stress following the use of internal fixation, especially the long segment instrumentation. Both animal and cadaveric studies detected the increased motion and mechanical stress adjacent to fusion constructs, which may increase the risk of PJK. [25] Dynamic stabilization with less stiff transition rod at the top to reduce rigidity of the construct proximally may be of some value, but appropriate attention should be paid to the increased likelihood of pseudarthrosis because of the increased junctional micromotion due to the reduced proximal construct stiffness. [26] Our previous study have found that the changes in spinopelvic parameters and pelvic compensatory mechanisms differ according to PI in patients with DLS, restoration of LL based on individual PI could help in accomplishing a balanced spinopelvic alignment. Instrumentation within the lumbar region to realign the lumbar lordosis is enough to relieve the pelvic compensation in low PI, long-segment instrumentation involving the thoracolumbar region (the upper instrumented level in T10 or above) is necessary in high PI. [27] Therefore, the PI value should be considered in surgical planning for DLS patients, and location of the most proximal instrumented vertebra should be individual.
BMI is an objective and simple indicator, and values > 25 and 30 kg/m 2 define overweight and obesity, respectively. A study by Liuke et al [28] has provided evidence that BMI > 25 kg/m 2 increases the risk of lumbar disk degeneration. Ou et al [29] also found that BMI is a risk factor for adjacent segment disease in patients undergoing lumbar fusion for degenerative spine diseases. Our data suggest that patients with BMI > 25 kg/m 2 undertake enormous risk in the development and progression of PJK. On the one hand, increased loading of the spine causes the intervertebral disks to lose height and ability to absorb a force, resulting in abnormal loading on surrounding facet joints and spinal ligaments. If obesity imposes a burden on the vertebral column for a long time, it leads to systemic inflammatory changes by the release of adipocytokines affecting the musculoskeletal Table 3 Comparison of surgical variables between PJK and non-PJK group.
Variables
PJK group (n = 18) Non-PJK group (n = 81) P system that may initiate degenerative changes in the vertebral column. [30] On the other hand, the paraspinal muscle strength of obesity patients is weak when compared to the healthy adults. It is a necessity to strip the muscles from the spinous process and laminae in the surgery procedure; postoperative adhesion may decrease the muscle function. If the muscles cannot afford enough strength to maintain upright posture, it may accelerate the degeneration of disc and articular process, especially in the segment above the fusion level. With these changes in intradiskal pressure, facet contact loading and paraspinal muscle fatigue, obesity potentially adds more stress to the adjacent levels above the fusion and accelerates the degenerative process of disc above the UIV. Obesity may not only be a risk factor related to the natural degeneration of spine, but also may play an important role in the occurrence of PJK. Therefore, controlling body weight before and after surgery could provide opportunities to reduce the rate of PJK and to improve therapeutic outcomes. Obesity patients should not be excluded from the benefit of surgery as well, and preoperative goal is trying to decrease the BMI value to be within the normal range, the important thing they need to do is to increase the paraspinal muscle function all through the perioperative period.
There were several potential limitations in this study. First, only Chinese Han individuals were included in this study and Ethnic variation was not covered. Second, the number of patients was relatively small, and the study may be underpowered to detect the significance of some risk factors. Even with these issues in this study, we find that those with osteoporosis, obesity, UIV at thoracolumbar junction are risk factors for the development and progression of PJK in DLS patients following long instrumented posterior spinal fusion. Anti-osteoporosis treatment, extend the fusion level above the thoracolumbar region and controlling body weight before and after surgery could provide opportunities to reduce the rate of PJK and to improve therapeutic outcomes. Our data is of great value in decision making and surgical planning for both spinal surgeon and DLS patients.
